Highlights 7  Effects of various additives on the corrosion resistance of Ni-P films is studied.
especially important in microelectronics due to their usage as diffusion barriers 23 between copper and gold and for the corrosion protection of contacts [5] . Cu/Ni-24 P/Au multi-layer films are used in electronics and microelectronics in applications 25 such as switches, relays, circuit breakers, SIM cards, electrical contacts, and 26 contactors, because they present a combination of high electrical conductivity, 27 corrosion resistance, and wear resistance [19] [20] [21] [22] . Compared to Ni coatings, Ni-P 28 films present a bright, shiny, and smooth look [15] , and are less susceptible to 29 oxidation [23] . It is well known that phosphorus cannot be electrodeposited as a pure 30 phase, but its co-deposition with iron group metals is possible. The electrodeposition 31 mechanism of Ni-P coatings is based on the reduction of Ni ions and PO3 3- ions. In 32 fact, Ni 2+ ions are reduced on active surface sites of the cathode and then diffuse to 33 a proper site of the lattice. The co-deposited P atoms hinder the Ni diffusion, and 34 thus impede crystalite nucleiation. Therefore, the amount of P in the alloy affects its 35 crystallographic structure; increasing the P content changes the microstructure from 36 3 crystalline to nano-crystalline and finally to an amorphous state. According to the 1 literature, there is not a specific content but a range of P contents for the crystalline 2 to amorphous transition of Ni-P coatings [15] . However, coatings with P contents 3 higher than 8% present usually an amorphous structure [14] . Given that the P content 4 largely determines the properties of Ni-P coatings shows the importance of the 5 chemical composition of the electrodeposition bath. it is well known that 6 introducing even a small amount of certain compounds as additives to the electrolyte 7 significantly affects the properties and appearance of deposits [24] . The refinement 8 of the microstructure, with a decrease of the internal stress and the surface roughness, 9 an increase of the brightness , and the improvement of the corrosion resistance and 10 mechanical properties of the coatings are some of the reported benefits of additives 11 [11, 16, 17, 23, [25] [26] [27] [28] [29] . Organic compounds are the most commonly used additives, 12 and they are called carriers, brighteners, complexing agents, leveling agents, and so 13 on, based on their purpose; carriers are those that are added to refine the grain size 14 and increase the luster [25] . There are several studies regarding the effects of using 
20
There are several studies regarding the improvement of the corrosion resistance of
21
Ni-P films, including the preparation of ternary alloys and composite coatings.
22
Implementing additives are not as challenging as forming ternary alloys [32] and 23 there is no concern about their agglomeration as it occurs for nano-particles [33] . 24 Therefore, additives are easier to use, more economical, and more practical for the 25 mentioned purpose. To the best of our knowledge, among all the published papers 26 related to the utilization of additives, there is no study regarding the comparison of 27 the effects of different additives on the corrosion resistance of Ni-P coatings on 28 copper. Moreover, almost all studies have used high deposition times, and thus, 29 investigated the effects of additives on thick layers. As a result, there is no work 30 about the effect of several additives on the properties of thin Ni-P films and finding 31 their optimum concentration.
32
In this paper, the effect of different additives has been investigated and compared 33 for thin Ni-P layers formed on copper, which is especially interesting for Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 3 tests were employed to determine the corrosion properties of the obtained Ni-P films 4 in the absence and presence of different concentrations of the mentioned additives.
5
The same setup as for the coating process was used for the corrosion measurements; 6 the coated samples acted as the working electrode. All tests were performed using a 7 PARSTAT 2273 potentiostat, which was operated by the PowerSuit software after Figure 1 shows the effects of the additives on the current density during the 31 electrodeposition process. As it can be seen, the current density decreases rapidly at 32 the beginning of the coating procedure and then stays at a stationary value until the 33 end of the process. Moreover, the addition of all chosen additives to the Ni-P 34 electrodeposition bath led to lower current densities during the coating procedure.
3-Results

30
35
For example, the current is almost divided by 3 in the case of the addition of sodium 1 citrate, and by 1.5 when cerium sulfate is added to the Ni-P bath. Therefore, even if 2 only the water side reaction is impacted by the additives, the thickness of the Ni-P 3 layers in presence of additives is assumed to be decreased as well. This assumption 4 will be checked later by cross-sectional observations, gravimetric and X-ray 5 fluorescence measurements.
6 Table 1 and Table 2 category, and Figure 8 shows their surface morphology. Figure 9 shows the cross-17 section and the surface of the Ni-P layer with no additive before and after corrosion.
18
The chemical composition of these samples, obtained using the EDS technique, are 19 summarized in Table 4 and the average thickness of the coatings with their variations 20 determined by X-ray fluorescence on the complete surface of the samples, can be 21 found in Table 5 . The thickness of the Ni-P layer from the cross-section image is in the exception of the sample Sac. 2.5 that has only around 2% of P, the P content is 30 around 14% in the others. The X-ray patterns of all samples, except Sac. 2.5, is 31 similar to the substrate, meaning that the Ni-P layers present a completely 32 amorphous structure. In the X-ray pattern of Sac. 2.5, however, there are two broad 33 peaks related to the presence of crystalline Ni; its structure is a mixture of amorphous 34 and crystalline phases. 
4-Discussion
2
The Tafel extrapolation method was employed to extract the summarized data in 3 Table 1 , such as corrosion potential (E corr ), corrosion current density (i corr ), anodic can also be used to simulate the corrosion resistance of different Ni-P layers. Thus,
13
i values measured at a potential of +0.6 V vs. OCP for all samples are also presented 14 in Table 1 .
15
Based on the analyzed potentiodynamic data, applying the Ni-P layers on Cu shifted The CPE is used, because the formed double layer does not usually present an ideal 14 capacitance behavior; its impedance is expressed as:
Where Y0 is the admittance constant, j is the imaginary number, ω is the angular 17 frequency (ω = 2πf) and n is the exponent of CPE. The n value, which varies from 0 18 to 1, depends on the surface roughness and heterogeneity because of the non-uniform part is presented in Figure 9 . It can be seen that more than half of the Ni-P film is can be also concluded that employing a proper content of additives can efficiently 8 improve the corrosion efficiency, especially at high potentials, and highly decrease 9 the porosity content (Table 3 ). This is especially important for the microelectronic 
33
The Ni-P coatings present lower cathodic slopes meaning a higher hydrogen 
4-4-Effect of coumarin as an additive
29
Coumarin is reported to lead to coatings with a shiny look, good conductivity, and 30 proper mechanical properties. However, it is known to highly increase the internal only in low concentrations [45] . Table 1 to Table 3 show that coumarin even used in after the corrosion tests in the presence of cerium sulfate compared to its absence.
33
The corrosion resistance notably increased by increasing its concentration to 8 mg/L; Cou. 5m, Cit. 4, and Ce. 8m were chosen as the best samples in each category with 10 regard to the corrosion resistance. Figure 6 presents the corrosion efficiency of these 11 samples; instantaneous and at high potentials.
12
By measuring the coating mass and its chemical composition, one can employ the 
18
The measured mass, thickness, and coating efficiency of the chosen samples in each 19 category are presented in Table 5 . It is obvious that introducing the additives to the 20 electrolyte decreased the coating efficiency from 3.5% (Sac. 2.5) to 5% (Cou. 5m).
21
Therefore, it can be concluded that employing the additives leads to coatings with 22 higher corrosion efficiency and lower coating efficiency, respectively. Moreover, all 23 the coatings are amorphous, except Sac. 2.5 that has a mixed crystalline-amorphous 24 structure. Figure 9 shows the cross-section of the Ni-P layer with no additive: it can 25 be seen that a uniform compact coating has been formed. As it was suspected, the 26 addition of these compounds have decreased the average coating thickness, i.e. from 27 about 1 µm for Sac.2.5 to 1.7 µm for Gly.0.1 compared to the thickness of the Ni-P 28 layer with no additives (Table 5 ). However, the thickness variation has also 29 decreased, meaning that a more uniform coating was formed in the presence of 2.5, they have higher P content, lower roughness, and better stability at high 32 potentials compared to the Ni-P layer with no additives. However, all the additives,
33
including saccharine, decreased the porosity content, leading as the same time to an 34 improvement of the instantaneous corrosion resistance. substrates, and the roughness of the substrate has an important impact on the physical 5 properties of multilayer coatings [48, 49] . Therefore, the ability of these additives to 6 smooth the surface is especially important for electrical contacts where there is a 7 gold top-coat. The porosity content of this top-coat is known to be the most important 
11
In order to investigate the relationship between the P content, the corrosion 12 efficiency and coating efficiency of the amorphous Ni-P layers, the P content of the 
5-Conclusions
22
In this paper, we have investigated the effects of different additives on the properties 23 of Ni-P thin films. Based on our results, it can be concluded:
24
 The P content plays an important role for the corrosion resistance of 25 amorphous Ni-P films: a higher P content improves the corrosion resistance. properties of amorphous Ni-P thin films. 
